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ABSTRACT 

This paper presents the theory of operation, configuration, laboratory and ground test results obtained with an heli- 
copter airborne laser positioning system developed by Princeton University/ Unfortunately, due to time constraints 
flight data could not be completed for presentation at this time. The system measures the relative position between two 
aircraft in three dimensions using two orthogonal fan-shaped laser beams sweeping across an array of *®“J[ Sjj ' 
ically, the system calculates the relative range, elevation, and azimuth between an observation aircraft and a rest helicopter 
with a high degree of accuracy. The detector array provides a wide field of view in the presence of solar interference due to 
compound parabolic concentrators and spectral filtering of the detector pulses. The detected pulses and their associa 
time^delays^are processed by the electronics and are sent as position errors to the helicopter pilot who repositions the ^ air- 
craft as part of the closed loop system. Accuracies obtained in the laboratory at a range of 80 ft in the absence of sun g 
were ±1® in elevation; +0.5° to -1.5° in azimuth; +0.5 to -1.0 ft in range; while elevation varied from 0 to +28 and the 
azimuth varied from 0 to ±45°. Accuracies in sunlight were approximately the same for a range of 80 ft, except that the 
field of view was reduced to approximately 40° (±20°) in direct sunlight. 
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Angle formed by laser beam sweep and detectors for two-dimensional case 
Range and perpendicular distance from axis of beam sweep to the origin 
Distance between detectors and the origin 
Beam sweep freq, rev per sec 
Location of detectors in the array 

Time delay from the detectors to the origin as laser beam sweeps the detector array 

Perpendicular distance formed by the sweep and the array as the sweep intercepts the origin for the two- 
dimensional case 

Laser beam sweep velocity, 2nfR 

Absolute value of V 

Vector velocities of laser beam sweeps A and B, respectively 
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Subscripts 

xo,yo,zo - Distance from the detectors to the origin 

A,B - Laser beams A and B respectively 

1. INTRODUCTION 

NASA Ames Research Center and the U.S. Army Aeromechanics Laboratory have been conducting experiments on the 
in-flight radiated acoustic noise in the far field of several helicopters. In making these measurements, an accurate method is 
required for establishing the position of the helicopter relative to the listening or sound measuring equipment. Usually 
these measurements were made using ground-based listening devices which were subject to relative motion and ground 
reflections. To eliminate these drawbacks, in-flight relative positioning of the aircraft was done by the alignment of 
optical markers on the aircraft with an optical rangefinder. With this new system, the helicopter with the test rotor is 
positioned within known distances from the listening aircraft in a variety of flight positions and the resulting formation 
data are recorded along with the acoustical data. 

In 1980 Professors R. B. Miles and L. M. Sweet of Princeton University, Department of Mechanical and Aerospace 
Engineering, received a grant from NASA Ames Research Center, Moffett Field, CA to develop a laser beacon that would 
accurately determine the range, azimuth and elevation range between two aircraft during flight experiments. Considerable 
research has been accomplished by Miles and Sweet in this area and more detailed information on optical and laser consider- 
ations may be obtained from their reports.^' 4 

The system developed provides for positioning a helicopter behind a listening aircraft during acoustic noise measure- 
ments. A typical test configuration is shown in Fig. 1. The range is approximately two rotor radii diameters (60-80 ft) 
from the helicopter to the YO-3A, the listening aircraft. The YO-3A is a Lockheed Low Wing two-seater aircraft which is 
very quiet. The listening microphones are installed on the YO-3A. The laser positioning system is part of the closed loop 
that requires the helicopter pilot to provide loop closure by flying the helicopter so that his position error is zero. The 
beacon is mounted on the helicopter. Two orthogonal fan-shaped beams of collimated light from He-Ne lasers are reflected 
from two perpendicularly mounted rotating cylindrical mirrors. An optical array, mounted on the tail of the YO-3A 
senses each beam sweep across the array. The pulses from the detector are processed and calculations of relative range, 
azimuth and elevation angle are done in a real time computer system mounted in the YO-3A. The position data are recorded 
and position error signals are transmitted to the helicopter. The helicopter pilot then maintains his aircraft in a position so 
that the position errors are zero or at minimum during an acoustic measurement. A typical test scenario would be as 
follows: To operate the system in flight requires a pilot and test engineer in the YO-3A. The test engineer commands a 
desired helicopter position with a hand-held terminal. Error signals are sent via data link to the helicopter. The pilot and 
copilot in the helicopter maneuver the aircraft to cancel the error signals. Radio link between aircraft maintains communi- 
cation and compliance with the commanded position so that a legitimate test point is established. A chase aircraft is 
required to insure safety of formation and to be on the lookout for potential air hazards while the acoustic measurements 
are being made. 


2. THEORY OF OPERATION 

The fu ndam ental principle of the laser positioning system is the measurement of the time intervals between detectors 
using the velocity of a laser beacon sweeping across these detectors. Also the detectors must be arranged in a known array. 
Range and sweep angle is then derived from these measurements. For the sake of simplicity, an example showing how range 
(R) and bearing angle (0) in a plane can be calculated using three detectors and single beam sweep. Figure 2 shows the detec- 
tors x and y forming a right isosceles triangle spaced a distance d from the origin detector (o). The laser beacon is at a dis- 
tance R, which is large in comparison with the detector separation (d). If R » d then it can be assumed that the focused laser 
beam is a parallel line sweeping past the detectors. 

The sweep axis is perpendicular to the surface. As the beam passes each detector, a pulse is produced. The measured time 
intervals T xo and T oy between the detectors and the origin correspond to the projected distances d xo and doy as seen by the 
beam with a velocity v in the following relationship: 


d = VT 

xo xo 
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The detectors as shown in Fig. 2 from equal legs of a right triangle and therefore can be expressed as 


^xo ^oy 




Squaring Eqs. 1 and 2, and the adding the results yields 


l'*o 2 + d 'oy 2 = V2 ( 
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Substituting Eqs. (3) into (5) yields 


d xo - d oy “ V + T oy 2 


The velocity of the laser beam is V = 2 ji/R. Substituting in Eq. (6) and solving for R yields 

— d »° - ° 

The angle -0- or bearing of the beam can be calculated from 

VT„=<f„; VT oy =<l w 
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From Fig. 2 
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6 = tan _1 (d xo /d' oy ) = tan l T xo /T oy 


Therefore for the two-dimensional case, R the range and 9 the bearing can be calculated knowing the rime delays, the sweep 
velocity of the laser beam (V) and the separation of the detectors from the origin (d). 

The calculations for the three-dimensional case require an additional detector and a second laser beam orthogonal to the 
first. This configuration is shown in Fig. 3 where all detectors are mutually perpendicular to each other. 


The derivation of the position determination equations, range, elevations, and azimuth for the thrK-imensional case 
was accomplished by G. Russell at Princeton University. This derivation is contained in Appendix A of an M.S. thesis 
written by Steven Webb. 5 These equations when programmed into a microprocessor are faster than transcendental functions 
and do not rely on the beacon orientation. In the final report 1 of the laser beacon range measurement system, E. Wong dis- 
cusses the equations developed by G. Russell. In this report he shows the relationship of the velocity of each orthogonal 
beam sweepto their respective time data and the range equation. In summary, the relationships between quantities shown in 

Fig. 3 are 
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( T 2 + T 2 + T 2) l/2 

This equation relates time vector to the velocity vector. Since there are two orthogonal sweeps 



The above equations relate each beam to their respective time delays or time vectors. The values Ra and Rg are the distances 
from the origin to each rotation axis 





The magnitude of the range vector is 



where | x = (r^ + ^g) A 


SYSTEM OPERATION 

A block diagram of the system is shown in Fig. 4. Here can be seen the major pieces of hardware in each aircraft. The 
laser beacon system is a functional means of measuring distances between two points in three dimensions. The system was 
built using state of the art optical and electronic components. 

The laser beacon mounted on the helicopter emits two orthogonal fan shaped beams of collimated light. These fan 
shaped beams are developed by reflecting off of two perpendicularly mounted rotating cylindrical mirrors. The optical 
detectors on the tail of the YO-3A consist of four detectors arranged in space to form a right tetrahedron, one detector on 
each of the three axis legs and one at the vertex. The lengths of each leg to the origin are equal. As the laser beam sweeps 
past the detector, four pulses are obtained, establishing three time delays (one from each axis detector to the origin detec- 
tor). The detected pulses are processed by the timer control unit. This unit produces the gate signals for three time delays. 
Error flags are also set by this unit if multiple or missing pulses are present in the incoming data. Signal processing of the 
sweeps A and B data is essential since there is no synchronization between the helicopter and the YO-3A. There is logic that 
differentiates between the two beams. If no error flags are set the data are passed on to the vector identification circuitry. 
Otherwise either the timer control network is reset for new data or a recovery procedure fills in the missing data point by 
using a prediction algorithm based on previous data points. If the origin pulse is missing, if there are multiple pulses, or 
more than one axis pulse is missing, the logic resets and waits for new data. The software identifies the vector and then pro- 
ceeds with the range determination: otherwise it assigns the vector to an axis and restarts the identification process. The 
range calculations are sent to the FM recorder and to the test engineer’s digital display. The position error is sent via the 
data link to the helicopter. The YO-3A computer system is based on the Z80 microprocessor and is shown in Fig. 5. The 
CPU contains a Z80A microprocessor and a Z80A-CTC counter timer chip that operates at 4 MHz. The microprocessor 
executes the machine code instructions contained in the memory. The Serial I/O (Sj/o) board is used for serial data commu- 
nication between the CPU and external devices. This board has been configured to be used as two RS-232C compatible 
communication channels. One channel communicates with the hand held terminal, the other with the modem of the commu- 
nication link between the YO-3A and the test helicopter. 

The Parallel I/O (Pi/o) board has four 8-bit programmable parallel input/output data ports. Three ports of the Paral- 
lel I/O board are used in this system as follows: The A port of Pj/o #1 inputs the status bits from the time control board; 
the A port of Pi/o #2 outputs the LCD address lines; and the B port of Pi/o #2 outputs the LCD data lines. The memory 
boards contain the firmwave generated from the program and the storage memory for the operation of the system. One 
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hoard is confieured to address 32K bytes of EPROM type memory, and the other board is configured to address 8Kb ^“° f 
Si AM A a^imetic processor is capable of doing 16 and 32 bit Fixed point and 32 bit floating point compu- 

m ^S^Siy and test Motion. 
"nieYcD was chosen over light-emiuing diodes (LED) because of us readability in sunlight and low power consump . 
S^fshowJ Sr ZeZ of the data link which consists of two 1200 band modems, FM ^ 

Y^A mcTm con* its sSdata ftom the S I/0 board to an audio signai nm^ “ nve ^iS™^ a.^lZd1i 
quency shift keying (FSK). The complete time to transmit the 96 bus (8 characters x 12 bus/character) at 1200 

80 ms. 

Fiinire 7 shows the helicopter position error system which consists of a microprocessor system, analog ammeter dis- 
p J'SltSh^ScCpSessor recoil data torn die YO-3A crunputer via i the 

on die displays The loss of data light will be turned on when the counter has reached zero since no data have been received. 

'isies to data u, te coming in a set pattern for each coordinate’s enor dam. If dim pattern ,s broken die syn - 
m^Th“TS turned on. The synL eoor light was eliminated via software sirree it was not conM e^, ,ual 

information to the helicopter pilot. The helicopter pilot has an input selection that dr^> ,1^!^ iw"se^teter 
nlavs The elide slope indicator (GSI) shows the pilot the azimuth (y) and elevation (z) errors, while the 
ScaB^ue W m^r Figures 8 and 9 show the GSI and edgewise meters, which are aero center decrees with . creator 
LTeSenmSrs iTdisplayiid as deviations ftom aero. Frgine 10 shows the helicopter display layout of the above 

components. 

3. SYSTEM DESCRIPTION 

Figure 11 shows the configuration of that portion of the laser system that is contained in the SH-3G helicopter, which 
includes: 

1. T^f beacon - 5 mW He-Ne continuous laser 
2 Glideslope indicator - King radio KI-207 

3. Edgewise Panel meter - AIRPAX E35 Panel Meter 

4. Receiver and associated antenna 


5. On-board computer 

6. Power supply (+28 VDC) 

In this section the laser beacon and the detector array on the YO-3A will be described in detail since they are the salient 
components of the system; the remaining units have been described in the system operation section. 

Since the laser beacon is to be mounted on the nose of the helicopter, it had to be designed rugged enough ^ withstand 
vibrations and yet be as simple and lightweight as possible. A 5-mW continuous wave helium-neon laser at 6328 A was 
selected. The laser beam is focused at a nominal range of 98 ft A two-laser beacon system was decided upon because it is less 
complex, simpler to build and maintain, and yields more accurate results. 

Fiffure 12 shows the bottom and top view of the laser beacon. The lasers are mounted to the bottom portion of the 
mount^g^latoatong wlththe power supplies and prisms. The prisms reflect the laser beams 90° onto the top surfa* 
From the prism, the laser beam passes through an expanding lens and a condensing lens to expand eac ,^ c . 

L^e wiEd focus the beam at the nominal range of 98 ft Each laser beam has its own set o lenses. The expanthng 
is 60X microscopic objective lens (J = 1) and was chosen to maximize beam intensity while minimizing the distance 
between the two lenses. To minimize distortion the laser illuminates only the center portion of the lens and the (beam is 
expanded about a cone angle of 18°. Adjusting the condensing lens attains the minimum beam width at the desired operaung 
distance. The condensing lens used is a plano-convex lens with a 40-mm diameter. 
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After passing through the condensing lens, the laser light is expanded into a fan-shaped beam by semicircular cylindri- 
cal mirrors. The mirror’s size is chosen so that all incident laser light is reflected. The mirrors have 120° segments^ A syn- 
chronous motor drives the two reflecting mirrors. The mirror axes are orthogonal to each other and rotate 180° out of 
phase. The rotation rate of the beacon is set at 2 rev/sec. The beacon is supported by elastomeric mounts to reduce vibrations 
and shock loads due to landings and rotor vibrations. The mounting plate is set at an angle of 45° to the horizontal of the 
helicopter because during test operations, the YO-3A aircraft with its detector array is kept forward on a downward 45° 
angle relative to the helicopter. In this manner the helicopter pilot can maintain safe formation flying more easily. 

Figure 13 shows the configuration of that portion of the laser positioning system that is in the YO-3A aircraft which 
includes: 

1. Four-detector right tetrahedron array assembly 

2. Transmitter and associated antenna 

3. Flight Test Engineer’s panel containing 

a LCD panel 

b. Pulse amplifier and signal processor 

c. Scope 

d. Acoustic avionics 

4. Hand-held terminal 

5. Computer 

6. Power supply (+28 V) 

The pulses received from the array are routed to the amplifier and processed. The computer determines the error signals 
to be sent to the SH-3A helicopter so as to conform to the commanded position entered into the hand-held terminal and dis- 
played on the LCD panel. The helicopter’s actual position as determined by the system is also shown on the LCD. 

The detector array which employs state of the art optical techniques deserves further discussion to illustrate the com- 
plexities involved. Each detector in the array is comprised of two compound parabolic concentrators (CPC), a spectral line 
filter to eliminate most of the sunlight, and a photodetector (Fig. 14). The concentrators collect and collimate the light 
from the laser through a 30 A spectral width interference filter. The photodetector is a Meret MDA 530-680 and is a 
hybrid photodiode integrated with its amplifier circuit to form a single unit. The CPC according to Webb 3 is a parabouc 
reflector on which the tip has been cut off and sides brought together so that laser light from a wide field of view can be 
focused and exited at a cone angle, which is less than the entrance cone angle. Designed to isentropically focus light, this 
collector has been found to closely approximate the thermodynamic limit with an / number approaching one-half. The 
performance and theory regarding CPCs can be found in Refs. 3, 6, and 7. Ideally, the first CPC can accept incident light up 
to a 90° acceptance angle, which corresponds to a 180° field of view. However, in tests by Webb, an accurate field of view 
for a CPC detector in direct sunlight is limited to approximately 150°. The CPC exit angle is selected by the limit of die 
interference filter. The filter is a 30 A filter centered at about 6328 A and passes only 10“ of the solar spectrum. For 
maximum efficiency the second CPC was constructed similar to the first. The CPCs used were made from a mandril 
previously designed and constructed by the University of Chicago. The interdependence of exit and entrance aperture 
diameters and angles, the field of view and overall length are explained further in Webb s thesis. 

4. GROUND TESTS AND RESULTS 

Initial tests at Ames Research Center on the laser beacon system were made in a laboratory in the absence of sunlight 
The laser was mounted on a wooden platform. The four-detector array was placed on a fixture calibrated in elevation and 
azimuth. The fixture had the capability to move the array accurately in 0.5° increments, both in azimuth and elevation. The 
distance between the laser and detector array was measured to be exactly 80 ft. 
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varied from +45° to —45°. 

Fieure 16 shows elevation angle error versus measured azimuth. Here f<w ^1 etevations, OP, 15°. and 28 , the errors are 
closdygrouped from -2° to -4° (±1°). There is a constant -2° offset due to initial setup conditio . 

The plot of detected range versus azimuth (Fig. 17) shows an error of *>.5 ft for elevations of O’ and 15*. At an eleva- 
tion of 28° the error increases to approximately 1 ft 

JSJ from the other detectors were above the noise level of azimuth angles approaching 60 . 

rj-jMsajs : 

movement The remaining portion of the system was installed in the YO-3A. 

With the outdoor grouod lest setup shown in Ftg 18 

away from the sun and with the sun shining into e e & * « from to 0° ±20° The errors were 5 to 10% in range, 

a a range of 55 tt at elevations from 0° to +23' ma mmoth the signal to noise ratio. 

±1.5” in azimuth and ±1.5° in elevation. Beyond Au g ^ _ 20 shows the instrument panel used by the 

Figure 19 shows the detector array mounted on the tail of the YU-JA ana rig. zu mu 

test engineer in the front seat of the YO-3A. 

With the detectors pointing away from the sirn the best range ±lS ^d + ±13®"in 

azimuth angles from 0° to ±42°. The errors were 5% in range up to 70 ft and 10% at 80 tt, ±u 

e j ev ration t 

As expected the noise or unwanted TyJ^^^jte^^wm^^detmmhw inhe syswn^vffi^per^ 

SSLTSio" - *& Fi r » -j-y 2KS 

tairs me planned with the laser beacon posiUoning system 

installed in both aircraft prior to flight tests. 


Laboratory data 


Conclusions 

in the absence of sunlight confirmed the accuracy of the system for a range of 80 ft to be within 


+0.5 to -1 ft (1.25%) in range 

+0 5° to -1.5° in azimuth , . __ . , , AC o 

±1° in elevation while elevation varied from 0° to +28° and azimuth varied -45 

In the presence of sunlight with the detectors pointed away from the sun for a range of 80 ft, the system accuracies 
were within 

+3.5 to 8 ft (10%) in range 

±lj° !! Svmion while elevation varied from 0 to +23° and azimuth varied ±42° 

With the detectors pointed into Ihe sun for a decreased range of 55 ft, the system accuracies were width, 

it? ^n elevation* and*azimuth while elevation varied Iron, 0° to 23° and azimuth varied from a reduced field-of- 
view of ±20° 
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Obviously since sunlight degrades the performance of the system, it is recommended that data test flights be made 
with the detectors pointing away from the sun and at times when die sunlight is not intense. 
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Figure 1. Relative position of test helicopter and YO-3A for acoustic noise measurements. 
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Figure 4. Block diagram of the laser beacon range measurement system. 
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Figure 5. Block diagram of the YO-3A computer. 
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Figure 6. Block diagram of the data communication link. 
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Figure 7. Block diagram of the helicopter display unit 



Figure 8. Faceplate of the King radio Kl-207 glideslope Figure 9. Airpax E35 edgewise panel meter, 

indicator. 


11 












Figure 10. Component layout of the helicopter pilot’s display. 
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Figure 11. SH-3G HALPS system component locations. 
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Figure 12. Laser beacon component layout. 
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AZIMUTH ERROR vs. MEASURED AZIMUTH 
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Figure 15. Azimuth error versus measured azimuth 
(lab results). 


ELEVATION ERROR vs. MEASURED AZIMUTH 
ELEVATION ANGLE MEASURED BY INCLINOMETER 


O 0 Elevation, (deg) 



Measured azimuth { 6 ) (deg) 


Figure 16. Elevation error versus measured azimuth 
(lab results). 


RANGE ERROR vs. MEASURED AZIMUTH RANGE = 80 ft 


O 0 Elevation, (deg) 



Measured azimuth ( 0 ) (deg) 


Figure 17. Range error versus measured azimuth (lab results). 
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Figure 18. Ground test setup with YO-3A and laser Figure 19. Detector array mounted on tail of the YO-3A. 

beacon on hydraulic lift. 



Figure 20. YO-3A instrument panel used by test engineer. 
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Figure 21. Laser beacon mounted on tne test helicopter. 
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Figure 22. Helicopter pilot’s display panel showing glideslope indicator and edgewise meter. 
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